A study of the inlet characteristics and entrance losses of pipe culvert with a flush mounted, sharp edged inlet by Callaway, Luke Lea, Jr.
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1960 
A study of the inlet characteristics and entrance losses of pipe 
culvert with a flush mounted, sharp edged inlet 
Luke Lea Callaway Jr. 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Civil Engineering Commons 
Department: 
Recommended Citation 
Callaway, Luke Lea Jr., "A study of the inlet characteristics and entrance losses of pipe culvert with a flush 
mounted, sharp edged inlet" (1960). Masters Theses. 5569. 
https://scholarsmine.mst.edu/masters_theses/5569 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
A STUDY OF THE
INLET CHARACTERISTICS AND ENTRANCE 
LOSSES OF A PIPE CULVERT WITH A 
FLUSH MOUNTED, SHARP EDGED INLET
BY
LUKE LEA CALLAWAY, JR.
A
THESIS
submitted to the faculty of the 
SCHOOL OF MINES AND METALLURGY OF THE UNIVERSITY OF MISSOURI 
in partial fulfillment of the work required for the
Degree of




LIST OF FIGURES .................................................  3
LIST OF TABLES..................................................  4
CHAPTER I ABSTRACT....... ................. ........... . 5
CHAPTER II INTRODUCTION.......................................  7
CHAPTER III REVIEW OF LITERATURE............................. . 9
1* The Critical Flow Concept 9
2. Application to Circular Conduits .........   12
3* Hydraulicly Long and Short Culverts 13
CHAPTER IV DISCUSSION .........................................  19
1. Description of Apparatus 19
2. Computation Procedures ♦ 21
3* Results 35
CHAPTER V Conclusions ........................................  42
1* Specific 42
2. General . .........     43
BIBLIOGRAPHY...............................     46
V I T A .....................      47
3LIST OF FIGURES
FIGURE PAGE
1* Plot of Specific Energy 10
2» Plot o f  Critical Slope to Flow •••«•»••••••«•••••••••••*••• 10
3« Water Surface in a Hydraulicly Long Culvert •*••«•••••••••• 14
4* Inlet o f  a Hydraulicly Long Culvert 14
5* Inlet of a Hydraulicly Short Culvert, Low Head >«•••••••#•« 16
6« Inlet of a Hydraulicly Short Culvert, High Head •••••«••••• 16
7* Inlet of a Hydraulicly Short Culvert, Inlet Submerged •«••• 17
&. Water Surface in a Hydraulicly Short Culvert ••••«•«•*•*••• 17
9* Hydraulic Jump in a Hydraulicly Short Culvert «•••••«•••••» IS
10* Kodel Culvert Employed •••»••»•••*«........   20
11. Model Culvert Employed ................................ • 20
12* Solution for Critical Depth 25
13• Solution for Total Head at the Critical Section ••««•»•*••• 2S
14* Flow Rate at Several Slopes.... ......................  36
15* Solution for Hydraulic Depth .................  37
16. Entrance Loss Coefficient «•••••••«••••••«••«••••••••••••«• 3&
16b Inlet Efficiency.....................................   38a
4LIST OF TABLES
TABLE PAGE
I# Critical Flow Characteristics of the Model Employed • •• 24
II* Characteristics of Flow at 0*0 percent Slope • •••*..... 31
III* Characteristics of Flow at 0*5 percent Slope •••«••**•• 31
IV* Characteristics of Flow at 1*0 percent Slope ........ . 3 2
V* Characteristics of Flow at 2*0 percent Slope •••«•••••« 33




Of all hydraulic structures, culverts are by far the most num­
erous* Lack of understanding of the functioning of culverts has re­
sulted in many of them being displaced improperly and as a result, they 
function with less efficiency and at reduced capacity* Much has been 
written regarding the flow of water in open channels, culverts in­
cluded, but little has been done regarding inlet conditions* It is 
necessary in the design of culverts, as with any other structure, 
that conditions which govern the operation of the structure be 
established* This paper is a study of the inlet conditions of a 
circular cross sectioned culvert with a sharp edged, flush mounted 
inlet*
The concept of critical flow was used to establish a control 
or critical section within the culvert model used* This concept of 
flow establishes the characteristics and location of the critical 
section* If certain conditions are met the critical section forms at 
the inlet, in this case measurement of entrance head loss and other 
inlet characteristics can be computed from this point*
It was established that outlet conditions control the flow 
rate of culverts placed at mild slopes, and the inlet controls the 
flow of culverts placed at critical or super critical slopes* An 
increase of slope past critical will not result in an increased flow 
rate* Only an increase in velocity within the barrel will result with 
a corresponding reduction in depth of flow*
6
Entrance losses are generally considered to have a value of one 
half of the velocity head within the barrel* Tests which were con­
ducted resulted in computed head losses which proved this to be a 
reasonable value for inlets such as the one employed in the model*
An efficiency rating was established, which can be applied to 
any inlet configuration* The model tested had an efficiency rating of 
approximately *63 and is probably one of the least efficient designs 
employed in practice* Further studies should be made which would 
establish the most efficient inlet configuration for standard culvert 
sections employed in practice*
CHAPTER II 
INTRODUCTION
Culverts are probably the most used and misused of all hydraulic 
structures* In many cases their construction and installation has been 
so haphazard that failure frequently occurs or a drainage system fails 
to perform properly with a resulting loss of usefulness or efficiency 
of the entire construction project* A road, for instance, is only as 
good as its drainage system and this drainage system depends in great 
part upon culverts*
It is clear that numerous characteristics play a part in deter­
mining the volume of water which a culvert will carry* Under some con­
ditions one characteristic of a culvert will govern the flow while with 
some slight change in condition an entirely different characteristic 
will determine the flow* In order to install culverts for maximum 
efficiency it is necessary that the engineer be able to determine the 
particular characteristic which controls the flow rate. It is possible 
that considerable time and effort may be expended in the improvement 
of a particular part of a culvert which in the end will have no effect 
upon the culverts ability to carry water*
Much discussion has occurred in the past as to which 
characteristic or characteristics control the flow of water through a 
culvert. If flow is controlled by the volume which can be carried by 
the barrel then inlet conditions will have little effect on total 
volume of flow. If, however, flow is controlled by the amount of water 
which can pass the inlet then inlet configuration will play an im­
portant part in determining flow rate*
7
8
The author* s purpose is to determine the factors ■which fix the 
control section of a culvert and to devise a method of computing 
entrance head losses for the type of culvert inlet employed# The 
entrance 103s coefficient, normally considered to be 0*5 times the 
velocity head, will also be investigated#
The author wishes to express his sincere appreciation for the 
aid and suggestions made by the following persons in the preparation 
and writing of the paper#
Professor John B# Heagler, for his complete review of the thesis 
manuscript#





1. The Critical Flow Concept
The concept of specific energy and Its application to critical 
flow was first introduced by B* A* Bakhmeteff in 1912# Specific 
energy is defined as the energy per pound of water at any section of 
the channel with respect to the channel bottom* It is further defined 
by the following equation:E=dcos0+ a V ^ 2 g  where (d) is the depth (1) 
at the section, (0) is the slope of the barrel, (V) the velocity at 
the section and (a) the energy coefficient*
For channels of small slope (0) and an energy coefficient (a) of 1 
specific energy is defined by equation (2)*
Where (E) is specific energy, (y) depth at the section, (A) is the 
area at the section, and (Q) the flow rate* Thus, it is evident that, 
for a given channel section and a given flow, specific energy is a 
function of the depth of flow* Therefore, for any given flow rate a 
specific energy curve may be plotted with the depth of flow (y) as the 
ordinate and specific energy (E) as the abscissa (Figure lb)#
For any particular value of the specific energy the graph of 
Figure lb indicates that there are two possible depths of flow, a 
high stage, y^ and a low stage, yg* At the point of minimum specific 
energy, these two depths coincide and y^ is equal to y2 * This depth
(2)
(3)Since V = Q/A then
L -  Q

























of flow has been defined as the critical depth (yc) for the particular 
channel section and flow* Therefore, critical flow may be defined as 
that state of flow at which specific energy is at a minimum value for 
a given discharge*
It can bo shown that at the critical state of flow, the velo­
city head is equal to one half of the hydraulic depth* The hydraulic 
depth is equal to the flow area at the section divided by the width 
of the water surface.
Equation (3), q 2
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differentiated with respect to y, flow being held constant gives
d E  _t _  Q2 d A
dy g A 3 dy
where dA near the water surface (Figure la) is equal to Bdy, or 
dA/dy =* B and D » A/B.
Thus: _dE _  1 _  V 2 B _  I _  V 2
d y  g A  g D
However, at the critical state specific energy is a minimum and
d E / d y  = 0
Therefore: V ^ 2 g  = D / 2
(4)
As has been stated previously, the velocity head at the critical 
section is equal to one half the hydraulic depth*
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Critical flow in a channel is a rather unstable condition#
It is evident from Figure lb that at near critical flow any change in 
specific energy will result in a pronounced change in depth# Thus at 
near critical flow the water surface will in all likelihood be undular#
2# Application to Circular Conduits
The critical flow concept is applicable to circular as well as 
rectangular channels# Critical velocity for maximum discharge at any 
cross section of a channel, is that velocity due to a head equal to 
one half the hydraulic depth at the cross section# This statement is 
equally time for channels of circular cross section as well as channels 
of any other configuration#
I£r use of the Manning formula it is possible to determine the 
critical slope for a particular velocity or flow#




Q = 1.486 AR2/3s l/2
n
( 6)
Where (A) is the cross sectional area of flow, (R) the hydraulic 
radius, and (n) the Manning roughness coefficient# It is evident from 
the above equations that for a given circular conduit or culvert it is 
possible to devise a graphical solution for critical slope (Figure 2)#
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3* Hydraulicly Long and Short Culverts
Circular conduits are not classified as hydraulicly long or 
short on the basis of barrel length alone* Many other factors enter 
into the determination* Characteristics such as diameter, slope, 
roughness, inlet shape, headwater and tailwater conditions play a 
part in the classification*
A hydraulicly long culvert may be defined as one in which full 
flow takes place on a mild slope when the headwater surface is 
sufficiently high to submerge the inlet* In addition if the headwater 
elevation is below the inlet or not sufficiently above the inlet to 
cause full flow, the depth of the water in the barrel will be greater 
than critical depth for the particular flow obtained* The water will 
reach a critical depth near the outlet only if the outlet is free or 
the tailwater elevation is below critical depth* Figures 3 and 4 
illustrate flow in a hydraulicly long culvert*
A hydraulicly short culvert is one in which the flow of water 
entering the barrel, when the entrance is submerged, is similar to 
the flow of water under a sluice gate* The high velocity Is slowly 
diminished due to friction, but if the barrel is not sufficiently 
long the water surface will never rise to the top of the barrel and 
the culvert will never flow full* Under certain conditions a 
hydraulicly short culvert may be induced to flow full* If the inlet 
is submerged the culvert may prime itself and flow full* This self 
priming may be caused by a hydraulic jump, the backwater effect of the 
outlet, or the development of a standing wave within the barrel* If
Figure 3 Water surface in a hydraulic ly long conduit. The water
flows with little surface turbulance and a relatively smooth 
downward curve toward a critical section at the outlet*
Figure k Inlet of a hydraulicly long culvert with headwater ele­
vation at the midpoint of the culvert* Notice that the 
flow attempts to reach a critical section* A slight jump 
brings the water to subcritical flow and it continues in 
this state to the outlet.
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the entrance is not submerged water enters the barrel and continues to 
increase in velocity until it emerges from the outlet* Figures 5* 6*
7* & and 9 illustrate various flow conditions in hydraulicly short 
culverts*
In a hydraulicly long culvert if a critical section is found it 
occurs at the outlet* If the tailvater level is sufficiently high a 
critical section will not be reached, or if the headwater is suffi­
ciently high the culvert will flow as a pipe and a critical section 
occurs at the inlet* Control of each typo culvert is determined by 
the critical section* Thus, the flow of a hydraulicly long culvert is 
controlled by the outlet and the flow of a hydraulicly short culvert by 
the inlet* When either typo of culvert flows full the outlet will 
control*
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Figure 5 Inlet of a hydraulicly short culvert. Headwater elevation 
is 2.47"* above the bottom of the inlet. Note that no jump 
forms.
Figure 6 Inlet of a hydraulicly short culvert. Headwater elevation 
is 4«2U above the bottom of the inlet. The inlet has not 
yet become submerged. Undulations are more pronounced.
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Figure 7 Inlet of a bydrauliely short culvert* Headwater elevation
is sufficiently high to submerge the inlet* Flow is similar 
to that under a sluice gate but, no jump is formed in this 
case.
Figure 8 Flow in a hydraulicly short culvert. The critical section 
has been passed and the water flows with decreasing depth 
and increasing velocity to the outlet. Notice the uniform 
surface undulations throughout the barrel.
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Figure 9 Hydraulic jump in a hydraulicly short culvert or mild 
slope* Shortly after this photograph was made the 
culvert primed itself and the barrel flowed full*
CHAPTER IV 
DISCUSSION
1* Description of Apparatus
The apparatus used was a model culvert, (Figures 10 and 11), 
made of Acrylic plastic similar in characteristics to Incite or Plexi­
glass* The culvert proper consisted of a 52 inch long section of 4 
inch ID pipe with a flush mounted, sharp edged inlet of the type most 
generally employed in practice* Manometer gages were affixed to the 
bottom of the culvert in order to allow the reading of water depths 
at various positions along the barrel* The culvert barrel and head- 
wall were mounted on screw jacks to facilitate the setting of various 
slopes* The system had a range of slopes from two percent above 
horizontal to three percent below horizontal*
The headwall was made of Acrylic Plastic of 1/8 inch thickness 
and was approximately 11 inches high by 16 inches wide* This size of 
headwall allowed a head of 1*5 diameters measured from a datum taken 
as the bottom invert of the culvert at the inlet* The headwall also 
extended 2*0 diameters to each side of the model when measured from 
the center line of the barrel* Wing walls and other appurtenances 
were not employed*
The stilling basin which provided the headwater for the model 
consisted of a large galvanized steel tank 22 inches deep, 35 inches 
wide and 72 inches long. A crushed rock baffle 8 inches thick was 
employed to suppress turbulence in the headwater* The maximum flow 
reached was *245 cubic feet per minute* Due to the size of the tank,
19
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Figure 10 View of the model used, showing the barrel, stilling basin, 
gages, and jack screws employed in setting slopes*
Figure 11 View of the model from the stilling basin showing the 
headwall, inlet and gages*
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headwater velocity was reduced to a small value* Its maximum, value is 
•05 feet per second and the resulting maximum velocity head is *00465 
inches which is negligible* The headwall of the tank was mounted on 
screw jacks in order to level the culvert headwall laterally and to aid 
in setting slope on the barrel*
The manometer gages employed were made of the same material as 
the model culvert, Acrylic plastic, and were calibrated in stages of 
•05 of an inch* All gages were set to read from a datum which was 
established as the bottom invert of the culvert model at the inlet* 
Capillary action in the gages varied with the water temperature and 
gage conditions* The gages were checked frequently to obtain the proper 
correction values. Gages were placed along the bottom of the barrel to 
measure water depth within the model* Gages were placed so as to 
measure headwater elevation at various positions on the headwall and 
in front of the inlet*
Water for the model was furnished by a recirculating system 
powered by a 250 gpm, 2 inch centrifugal pump* The flow rate was 
regulated by a 2 inch gate valve.
2* Computation Procedures:
Initially an attempt was made to determine entrance head losses 
by the establishment of uniform flow condition between two points 
within the barrel* If it were possible to establish this condition 
friction forces within the barrel could be balanced by gravitational 
forces and entrance head losses could be calculated as the difference 
between headwater elevation and water depth plus velocity head within
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the barrel. A correction factor dependent on the slope of the barrel 
and the distance of the section from the inlet would also be necessary. 
If slope, headwater elevation, depth of water within the barrel, 
position of the section considered, and flow rate are known it is 
possible to write a Bernoulli equation between the headwater and the 
section under consideration. Assuming velocity Within the tank to be 
negligible the resulting equation would be:
H t  = h b — Z +• V 2/ 2 g - h  H e  (7)
or
He = HT f Z - ( h b + V 2/  2g)
Where is the headwater elevation, ht, is the depth of water in the 
barrel at the section considered, V^/2g is the velocity head within the 
barrel, He the entrance losses and Z the difference in elevation be­
tween the bottom of the barrel at the inlet and at the section con­
sidered. For example, if headwater elevation is 3*21 inches, slope is 
•0l£, depth within the barrel, at the section considered, is 2 inches, 
distances of the section from the inlet is 20 inches and the flow rate 
is .0 9 cfs. what is the entrance loss?
Z is equal to 20/1000 « #02 inches
Velocity at the section can be computed to be 2.06 feet per 
second. Thus, V2/2g a .0674 feet or ,£15 inches. Therefore,
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substituting in equation (8), entrance loss becomes 
He =• 3*21 + .02 - 2.0 - .815 « .41 in.
This system seems logical and for low flow rates reasonable results 
can be obtained. However* as flow rates were increased undulations 
within the barrel became excessive. It became impossible* because of 
these undulations* to attain a section of channel in which normal flow 
occurred and as a result entrances losses could no longer be computed. 
When it became obvious that a normal flow section could not be 
attained for higher flow rates it was necessary to devise or assume 
another type of control.
Previous discussion of critical flow stated that for a parti­
cular culvert section and flow rate it is possible to compute both 
depth and velocity head at the critical section.
If V =3 q/A is substituted into equation (4) 
then (Q/A)2/ 2 g  = D / 2
and Q / / q ~  = A\Zd “
Thus Q = A  J  q D
(9)
The quantity A /gD depends solely upon the geometry of the culvert 
and may therefore be computed for any depth of flow. Thus* it is 
possible to plot graphically a solution for flow rate and depth. Table 
I gives the results of the calculations necessary to plot this 
solution. Figure 12 is a plot of the points tabulated in Table I and 













( c f  s )
yc+ D/ 2
( in)
.2 .237 1.745 .1345 .0 6 7 .000988 .267
.4 656 2.40 .273 .136 .0 0 3 9 2 .536
.6 1.18 2.86 .414 .207 .00871 .8 0 7
.8 1.79 3.20 .559 .279 .0153 1.08
1 .0 2 .46 3.47 .71 .355 .0236 1.36
1 .2 3.19 3.67 .867 .4 3 4 .0 3 3 7 1.63
1.4 3 .95 3.81 1 .029 .515 .0455 1.92
1.6 4 .69 3.92 1.198 .599 . 0 5 8 6 2 .2 0
1 .8 5 .4 9 3.98 1.379 .6 8 9 .0 7 3 5 2 . 4 9
2 .0 6 .28 4 .0 0 1.57 . 7 8 5 . 0 9 0 2 .7 9
2 .2 7 .0 8 3 .98 1.78 . 8 9 0 .108 3 . 0 9
2 .4 7 .8 6 3 .9 2 2.01 1 . 0 0 5 .1275 3.41
2.6 8 . 6 5 3.81 2 .2 7 1.135 .149 3 .7 4
2 .8 9 .4 0 3.67 2 .5 6 1.28 .172 4.0 8
3 . 0 10.10 3.47 2.92 1.46 .1975 4 . 4 6
3 .2 1 0 . 7 8 3 .2 0 3 .37 1 .68 5 . 2 2 6 4 . 8 9
3 .4 1 1 .4 0 2.86 3 .9 8 1.99 . 2 6 0 5.39
3 . 6 1 1.90 2.40 4 . 9 6 2 . 4 8 .3 0 3 6 .08
3 . 8 12 .3 5 1 .745 7 . 0 7 3 . 5 3 5 .3 7 5 7 .3 4
4 .0 1 2 .5 6 00 00 0 0 00 00
yc = Crit ical Depth Q = Flow Rate
A = Area
B = Water S u r fa c e  Width 












This solution is valid only if the critical section forms and the 
culvert flows less than full* In order to simplify the calculation 
of entrance losses it is desirable that the critical section be formed 
at the inlet* This •will avoid the necessity of & head correction 
resulting from slope of the barrel* If the critical section forms at 
the outlet a correction of the following value would be necessary*
Z a LS
Where (Z) is the head correction, (L) is the length of the culvert, and 
(S) is the slope of the culvert*
In order to insure the formation of the critical section at the 
inlet it is necessary only that the slope be sufficiently large to be 
greater than the critical slope for the largest flow rate to be em­
ployed* For example, from Figure 2 it is obvious that a slope of *003 
or *3£ is sufficiently large to be super critical for all flows up to 
♦3 cfs* It was found for the model culvert selected that a slope of 
•01 or 1$ was sufficiently large for the flows to be employed* The 
maximum flow expected was *260 cfs* From Table I the cross sectional 
area at the critical flow section is 11*37 square inches or *0739 
square feet* (R), the hydraulic radius, was found to be 1*21 inches 
or *101 feet, and (n) for Lucite or Acrylic material is *0095* Thus, 
substituting in equation (6) critical slope may be found*








( .260 * .0095 \
V 1.486 -.0789 • .216 /
and S s . 9 54  °/o
Thus, a slope of one percent 'will insure that the critical section 
occurs at the inlet for all flow rates which are employed.
Further simplification of computation can be made if a 
graphical solution of Yc plus D/2 is constructed. Table I provides a 
series of points from which this graph (Figure 13) may be plotted* 
Since D/2 is equal to the velocity head at the critical section it is 
possible to determine total head within the critical section directly, 
if the flow rate is known.
It is therefore possible to determine entrance losses knowing 
only the elevation of the headwater above the datum and the flow 
rate. If a Bernoulli equation is written between the headwater and 
the critical section within the inlet the following expression results:
Ht  = yc ■+ V^2g •+• He
or
H e " H T -  (yC +  V 2/29) ,1<rt
Where (ftp) is the headwater elevation, (Yc) is the depth within the 
critical section, (V^/2g) is the velocity head within the critical 
section and (He) is the entrance loss. Knowing the flow rate the 
value of (Yc + V^/2g) may be taken directly from Figure 13 • Thus, 
equation 10 becomes:




Q ( c f s )
Fig. 13(b)
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As an example, if the flow rate (Q) is *149 cfs and is 4*30, then 
from Figure 13 (Xc +■ D/2) =» F(Q) is equal to3#73 inches# Thus, the 
entrance loss (He) is computed as:
He = Ht ~  f (Q)
or
He = 4 .30  — 3 .73 = .57"
Since the critical section is at the inlet it is necessary to 
make only two measurements in order to compute the entrance head 
loss# A gage must be employed to measure headwater elevation above 
the datum and some means of determining flow rate must be employed#
In this case a manometer was used to obtain headwater elevation and 
the flow rate was determined by weighing the quantity of water which 
flowed through the model culvert in a measured period of time# A stop 
watch and a tank mounted on a set of platform scales were employed to 
obtain the flow rate# A minimum of three readings were made for each 
flow setting and average values of headwater elevation and flow rate 
were employed to compute entrance head losses#
Capillary action in the manometer caused some difficulty in 
obtaining headwater elevation, but a visual correction factor was 
determined# Frequent checks of capillary action were made and gage 
readings were corrected accordingly#
Tables II, III, IV, V and VI are the results of test runs made 
at 0, #5, 1# 2 and 3 percent respectively. Headwater elevations listed 


















XU8 1200 .00198 .1*8 12U 120.2 .0165 1.25
171 600 .001*57 .69 162 77.5 .0335 2.03
190 300 .01017 1.06 101 60 .8 .01*25 2.33
216 300 .01157 1.08 151* UO.6 ,06ll* 2.1*9
239 300 .0128 1.18 222 8U .2 .01*22 2.58
281* 300 .0152 1.28 250 70.6 .0567 2.95
302 300 .01615 1.33 211 36.8 .0921 3.08
325 300 .o n h 1.38 302 61*.8 .071*7 3*33
1*09 300 .0219 1.53 31*7 61*. 8 .086 3.58
113 8U.U .0215 1.96 362 58.1 .1005 3.85
223 79.6 .d*5o 2 .63 219 26.2 • 13U 3.98
302 71.8 .0676 3.U* 383 53.8 • 111* U.13
351 6 0 .2 »093U 3.68 379 U7 .1291* It, 38
397 55.2 .115U U.lU 393 i*i* .2 .11*30 lt.66
1*57 53 .1383 1».56 1*16 1*2.3 .1580 1*.73
1*56 1»5.1* 0I6H 5.01 31*7 31.6 .1760 1*.80
TABLE II TABLE H I







(cf s) (in) yc-*- °/2(in^ He(mj
D/2(in) H e / H v
H y
yc+o/2
ll)9 600 .00397 .63 .51) .09 .lU .61)2 .867
21)8 600 .00665 .80 .69 .11 .18 .6 1 1 .862
1.75 300 .00935 .93 .83 .10 .22 .1*55 .892
ZL? 300 .0113 1.30 .91 .12 .2ii .50 .883
262 300 .Olio l.ll) 1 .0 2 .12 .27 .1)1*5 .891)
392 359 .0175 1.29 1 .1 6 .13 •30 .1*33 .90
216 179.6 .0193 1 .39 1.20 .19 .33 .576 .861)
230 150.2 -02li6 1 .5 5 1.39 .16 .37 .1*33 .896
231 120 .0309 1.71* 1.56 .18 -ill .1*39 .896
295 120.1 .0391* lo99 1.78 .21 .1*8 .1*38 .895
175 65.3 .01*30 2.08 1.87 .21 .50 .1*20 .899
2U6 79.6 .01*95 2.23 2.01 .22 ,51* .1*07 .90
218 62.1) .056 2.38 2.16 .22 .58 .379 .908
2I4I 61.6 .0627 _ 2.55_ 2.30 .25 .1*03 .902
198 1)5.1* .070 2.73 2.1)3 .30 t66 .1*55 .89 _
U90 10l*.6 .0752 2.68 2.52 .36 .6 9 .522 .875
395 82 .0773 2.93 2.56 .37 .70 .539 .871)
1402 8 9 .6 .0720 2.80 2.1)7 .3 3 .6 7 .1)93 .882
1)02 71.6 .0902 3.03 2.76 .29 .79 .367 .91
1*66 82.6 .0905 3.18 2.79 *3? .7? Ji9t) .877
1)69 78.3 .0961 3.28 2.89 .39 .81 .1)82 .88
L2U 67.9 .1001 3.38 2.96 .1*2 ,8!) •56 ♦876
1*72 71 .1068 3.U8 3.05 .1*3 .87 .1)95 .876
151 63.2 .111)1) 3.63 3.20 .1*3 • 92 .1)68 .882
iiih 56.6 .1173 3.69 3.21) .1*? .93 .1)81) .878
I1I6 55.2 .121 3.78 3.31 .Ii7 .9 6 .1)90 .876
L2 L 53.5 .127 3.83 3.711 .fc3 .99 .1*35 .887
ii37 51. .1380 3.93 3.58 .35 1.06 .333 .837
L30 1*8 .5 .11)2 1*.13 3 #65 .1*8 1.09 •U4O .881*
1*38 1*6.8 .150 li.28 3.78 .5o l.ii* .1)39 .881*
U37 1*3.8 .1 6 0 1).1*0 3.93 j* 7 1.20 .392 .891*
1*3L 1*1.1) .1683 h .h B U.di .1*2 1.25 .336 .902
Uhl hO.U .1753 U.78 lull) .61* 1 .3 0 .1*92 .865
1*52 39 .186 5.03 !u28 .75 1 .3 7 .51)7 .853
Ui3 36.2 .196 5.23 1).U3 .80 1 mhh .555 .81*8
U26 33.6 .2035 5.1)3 1).52 •91 1.50 .606 .831*
1*1*7 33.7 .213 5.58 U.65 .93 1.56 .596 .831*
l«U9 32.7 .220 5.83 L.76 1.07 1.63 .657 .818
1*72 31.2 .21)3 6.28 5.12 1 .1 6 1.83 .631* .816
TABLE JL















187 359 .00832 .88 .78 .10 .20 .50 .887
189 1$0.6 .021 1.38 1.26 .12 •3h .353 ♦913
223 75.1* .01*75 2.18 1.97 .21 .52 ohoh .903
153 99.7 .021*5 1.53 1.38 .15 .36 .1*16 .902
223 103.6 .031*5 1.82 1.67 .15 .1*5 .333 .917
207 7U. .01*1*9 2.08 1.92 .1 6 .51 .311* .923
208 63. .053 2.28 2.10 .18 .56 .322 .922
219 55.6 .0632 2.53 2.30 .23 .62 .371 .909
217 hh. .0792 2.88 2.59 .29 .71 .1*09 .83
219 36.6 .096 3.21 2.88 .33 .81 .1*08 .897
222 31. .115 3 .55 3.20 .35 .92 .381 .902
222 28.7 .121* 3.73 3.36 .37 .96 .386 .902
232 26.3 .11*15 1*.13 3.62 .51 1.09 .1*68 .877
327 3!w .151*5 It. 31 3.81* ♦h7 1 .1 6 .1*05 .890
307 28.1* .1735 1*.83 1*.12 .71 1 .2 9 .55 .851*
1*37 51.2 .137 3.98 3.56 .1*2 1 .0 5 .1*00 .895
1*39 1*9.8 .11*15 1».03 3.62 .hi 1.09 .376 .899
U31 1*8.2 • lljlt I».l5 3.68 ♦h7 1.10 .1*27 .887
1*30 h7. .11*7 U.20 3 .72 .1*8 1 .12 .1*29 .886
1*29 i5. .153 U.30 3.82 .1*8 1.15 .1*17 •888
U36 w*. .159 U.U3 3.90 .53 1.19 .1*1*5 .881
1*38 1*2.1* .166 1».58 lt.00 .58 1.23 .1*71 .875
10*3 1*1.1 .173 U.73 1*.10 .63 1.28 .1*92 .867
TABLE V













He /Hr 7c + D/2
H »^
295 1200 oOOljO .65 •5h .11 .lli .785 .83
352 600 .009U .95 .83 0 2 .22 .5h5 .87h
256 300 .0138 1.12 1.00 .12 .27 .hh5 .893
357 300 .0191 1.37 1.20 .17 .33 .515 .875
3U8 180 .0310 1.76 1.57 a 9 .h2 .h53 .892
322 120 .0U30 2.10 1.86 .21* .50 .h80 .885
335 95.5 .0562 2.ho 2.16 .2h .58 .1*11* .900
336 76 .0710 2.75 2.UU .31 .66 .h70 .888
350 73 .0770 2.90 2.55 .35 .70 .500 .880
31*1 60.5 .0910 3.1h 2.77 .37 .78 .U75 .882
330 5 5 a .0962 3.30 2.89 .la .81 .50h .876
300 h$ .107 3.50 3.09 .la .87 .U72 .88U
31*5 U7 .118 3.70 3.2U .1*6 .91* J»90 .877
337 U2.3 .128 3.85 3.h0 .U5 1.00 k o .88h
350 39.3 •lh3 U.15 3.67 ,h8 1.10 1*.36 .88$
31*1 3U .161 h .hO 3.95 ,h5 i.a .372 .897
3h2 31.2 .176 h.80 h.15 .65 1.30 .500 .86$
323 26.6 .195 5.20 l* .l*o
■ A
.80 l.h3 .56 .8U7
352 26 .h .21U 5.60 h,6$ •92 1.58 .582 .83$
363 2U.2 .21a 6.25
>
5.10 1.15 1.82 .632 .816
TA K E  VI
Slope yf> Temp 19.5° C
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3* Results:
It was shown previously that a slope of one percent was suffi­
ciently large to insure that the critical section would be formed at 
the inlet of the culvert for all flows which are considered • For this 
reason readings taken at one percent slope are considered to be control 
values and all readings taken at other settings will be compared to 
these» Figure 14 is a plot of flow rate versus headwater elevation as 
determined by the control run at one percent slope. It will be noted 
that for slopes of two and three percent the curves are superimposed 
upon the control curve* The curve established by the readings taken 
at approximately zero and 0*5 percent do not follow the same path as 
that for bi^ier slopes. Flow rates for a given head are considerably 
lower for the mild slopes than for those in excess of one percent.
It may thus be concluded that, for mild slopes, entrance conditions do 
not control the flow rate and control must occur at some other point.
It is logical to assume that for mild slopes the critical section is 
the outlet, and entrance losses must be computed from this point. Since 
the curves established at Slopes of 1, 2 and 3 percent correspond, it 
is evident that the inlet controls the flow rate and that all compu­
tations for entrance losses at these slopes, or greater, may be made 
from this point. In other words, an increase in slope will not cause 
a corresponding increase in flow even though the velocity within the 
barrel may be increased. There will however be a marked decrease in 

















Entrance head losses computed at a one percent slope are listed 
in Table 17 and as "would be expected increased values of head loss are 
noted with an increase in headwater elevation and flow rate* The ratio 
of loss coefficient (He/Sv) was plotted against headwater elevation,
(HT) (Figure 16) in the Stilling Basin* At first glance the values seem 
to be inconsistent, but upon closer observation of the values the curve 
which they describe (Figure 16) follows a predictable path# The high 
values at low flow rates are in all likelihood due to the effect of 
surface tension of the water as it flows through a channel of great 
width as compared to depth# At raid-values of flow the loss coeffi­
cient approaches a value of 0#5 which is the figure most comonly em­
ployed in culvert design# As the flow rate is increased the value of 
the loss coefficient increases# This increase was apparently con­
tinuing when the maximum capacity of the stilling basin was reached#
It was noted that as the inlet became submerged the increase in 
entrance loss was greater in proportion to the increase in headwater 
elevation than was true when the inlet was not submerged# This can 
be explained as the result of the inlet configuration becoming con­
stant while the headwater elevation and resulting flow continue to 
increase# Losses and loss coefficient values found for slopes 
greater than one percent correspond closely to those determined at 
one percent# All characteristics -noted at one percent seem to hold 
true for greater slopes as well#
A means of determining entrance efficiency was desired in 
term3 of head# Therefore, a ratio of total head at the critical 
section to headwater elevation was considered to be the required
egression* This is a logical choice since the difference in value of 
headwater elevation and total head at the critical section is the en­
trance loss* Thus* entrance efficiency is defined as:
e = ( yc +  D/2)/HT
It was found that entrance efficiency at slopes greater than 
critical were almost uniform in value varying between 0*S7 and *90.
These values apply to all computations made at one percent slope and 
higher* However* as the inlet was submerged the efficiency began to 
decrease* It is probable that the efficiency will approach that of a 
short tube orifice flowing full if the headwater elevation is increased 
sufficiently* For example* a short tube orifice with a sharp edged 
inlet has as velocity coefficient (Cv) of 0*&2* Thus* velocity within 
the vena contracta is *82 >JgH* Where H is the total head above the 
inlet and v is the average velocity at the vena contracta*
Since: V = .82 J q  H
Then: v 2/2g = .67 H = h
Where h is the total head of the critical section or vena contracta* 
Therefore* the efficiency of the tube will be:
h/H = .67H/H = .67
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This value is apparently the limit which the efficiency of the model 
approaches* Further tests*which are beyond the capability of the model 
employed* would be necessary to show this relationship conclusively*
Figure 16 (b) is a plot of inlet efficiency to headwater ele­
vation and compares favorably to Figure 16 (a) which is the plot of 
loss coefficient to headwater elevation* The values of inlet efficiency 
at slopes greater than critical correspond more closely than loss co­
efficients found at the same slopes* Since the loss coefficient is a 
ratio of relativly small values any small variation in readings or data 
will result in a correspondingly larger variation in loss coefficient*
On the other hand, inlet efficiency is a ratio of relativly large 
values and small variations in data result in smaller changes in inlet 
efficiency. Less sensitivity on the part of the inlet efficiency rating 
provides more uniform values which are more amenable to practical usage*
Other interesting conditions appeared but were not investigated. 
At medium to hi$i flow rates three waves appeared within the barrel.
Two formed along the walls of the barrel while the third formed along 
the centerline. While the amplitude and wave length of all three seemed 
identical the wave formed along the centerline was 90 degrees out of 
phase. Further investigation as to the propogation, magnitude and effect 
of these waves would be both profitable and interesting.
Manometers located just inside the inlet registered a decrease 
in pressure as compared to those located further downstream. This 
differential appeared in the same location at all measurable flow 
rates but, increased in magnitude as the flow rate increased. This area 
of pressure differential undoubtedly has some effect on the formation 
of a critical section but, with the instrumentation employed its effect 





A number of definite statements may be made as a result of these
tests*
A. From Figure 14 is evident that the flow rate of culverts 
placed on steep and mild slopes approach the same value at 
large headwater elevations* This limit is approached as flow 
becomes pipe rather than open channel flow* Thus, ultimate 
control of flow rate of any culvert section is the inlet*
B* At low headwater elevations control of flow rate may 
depend upon either the inlet or the outlet* Slope determines 
where the control section is located*
C* Culvert sections will pass a greater volume of water 
if placed at a slope which is equal to or greater than 
critical* Volume of flow in this case is governed only by 
headwater elevation and inlet efficiency*
D* Inlet efficiency, as computed in this paper, is a 
logical and useful way of expressing the ability of a parti­
cular inlet to pass water*
E* Though the value of the loss coefficient varies some­
what, the value *5 is reasonable to use in culvert design.
This value applies to all depths of flow*
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2* General
The first consideration in the emplacement of any culvert 
should be slope* The flow rate, efficiency and useful life of any 
culvert section is dependent in great part upon this factor* If 
constructed upon too mild a slope a culvert may not meet the flow 
requirements "which are demanded of it and loss or damage to other 
construction may result* At a mild slope the flow rate of a culvert 
is controlled by the outlet and flow within the barrel is sub critical* 
In this situation two detrimental conditions exist* First, the flow 
rate is below that which could be carried by the barrel, the inlet 
being able to pass more water than the outlet* Second, the lower 
velocity within the barrel is more susceptible to silting action and 
over a period of time this silting may fill the barrel and reduce the 
effective area of the culvert further reducing its capacity to carry 
water* At a steeper slope these conditions will not exist* If the 
slope is increased to a value which is greater than critical for a 
given flow rate then super critical flow takes place within the 
barrel for all flow rates up to this value with the exception of very 
small flows* When super critical flow takes place, high velocities 
result which prevent silting action and in fact aid in flushing the 
barrel clean thus increasing the useful life of the culvert and 
reducing maintenance costs* When these conditions exist only entrance 
conditions govern the volume of water which a culvert will carry, and 
its efficiency is based on the inlet*
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Inlet conditions play no part in th determination of critical 
slope for any given culvert section, ^his value is dependent only upon
the geometry of the section* roughness of the material of which the 
barrel is made and the volume of water which the culvert is to cany. 
The Manning formula: (6)
Then the Values A, cross section of flow* V* average velocity* and 
R* the hydraulic radius* at the critical section may be determined in 
terms of Q and the value of the critical slope may be found. For high 
flow rates it is difficult,if not impossible* for a culvert to reach 
this volume unless the inlet is submerged. In most cases submergence 
of a culvert inlet is not desirable and is to be avoided if at all 
possible. This emphasizes the importance of properly designed inlets. 
The inlet employed in the model is probably one of the least efficient 
types. It is, however* one of the most widely employed designs in 
practice because of its ease of construction. The model converted 
approximately 88% of headwater elevation to a velocity and elevation 
head at the critical section* A culvert inlet which would convert 90%  
of this quantity would produce a marked reduction in headwater ele­
vation for a given flow. For example* in the model employed where
or
is the basis for those computations.
Since Q =* AV and V ^ / 2 g  - D/2
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headwater elevation was 3*83 inches total head at the critical section 
was 3*40 inches being composed of both elevation and velocity head* 
Efficiency in this case is 3*40 * *S8 but, if efficiency could be in-
3.33creased to 98£ while maintaining the same flow then « 3*40 = 3*47
.98
inches or the headwater elevation would bo reduced by 3>83 - 3*47 «
•38 inches, a ^oh% reduction in elevation* If headwater elevation 
remained constant at 3*83 inches then total head at the critical 
section would be Ic + D/2 =* 3*83 x  *98 « 3*75 inches* At this value 
of head the flow rate would be *149 cfs, an increase of *149 ~ *127 - 
.012 cfs or 9*4 percent* Such increases in the efficiency could in 
numerous cases permit a reduction in the size of culvert necessary 
or provide an additional factor of safety*
It is probable that inlet efficiency can be improved 
materially by modification of entrance geometry* Further tests 
should be conducted in order to establish the most economical and 
efficient culvert inlet sections for given flow rates* Standardization 
of sections with accompanying tables indicating headwater elevation, 
maximum flow rate, critical slope and other characteristics would be 
of great help In culvert construction* Such information would improve 
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